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Abstract
Vole (Cricetidae) girdling of tree trunks is a common form of damage experienced by tree and vine growers throughout 
much of the Northern Hemisphere. Management programs that effectively incorporate chemical repellents and vegetation 
management would be of substantial assistance to growers that experience such damage. Anthraquinone has proven effective 
as a repellent against voles in lab trials, yet controlled field tests of combined anthraquinone and vegetation management 
programs are lacking. Therefore, we established a mesocosm-based study in central California, USA, to test the efficacy of 
anthraquinone and vegetation management for reducing girdling damage caused by California voles Microtus californicus to 
Clementine citrus trees Citrus clementine under semi-field conditions. We observed a 90–100% reduction in girdling damage 
for trees following a single application of anthraquinone during two trials in summer and spring, respectively. Removal of 
vegetation around the base of trees further reduced damage during the summer sampling period, with no girdling observed 
on anthraquinone-treated trees that were surrounded by bare soil. We did not observe this same relationship during spring, 
and we observed no relationship between vegetation management in the absence of anthraquinone treatments in either sea-
sonal trial, suggesting that vegetation management had a lesser impact on vole girdling than anthraquinone applications. 
We observed no decrease in efficacy of anthraquinone across the duration of both sampling periods (5–6 weeks), indicating 
substantial longevity for anthraquinone. Anthraquinone appears to have substantial utility for minimizing vole girdling dam-
age. Field testing is warranted for additional mammalian species to determine potential uses for other taxa.
Keywords Anthraquinone · California vole · Girdling · Microtus californicus · Repellent · Vegetation management
Key message
• A combination of anthraquinone plus vegetation manage-
ment could be an effective strategy for minimizing vole 
girdling damage to trees but has not been field tested.
• We observed a substantial reduction in girdling damage 
on anthraquinone-treated trees regardless of season; veg-
etation management further increased efficacy during the 
summer sampling period but had no impact in spring.
• Anthraquinone remained consistently effective for the 
entire duration of the project, indicating longevity as a 
repellent.
• Anthraquinone appears to have substantial utility as a 
vole repellent.
Introduction
Voles (Cricetidae) cause extensive girdling damage to tree 
and vine crops in California and throughout western North 
America (Sullivan et al. 1987; Baldwin et al. 2014). Dam-
age potentially varies seasonally given the Mediterranean 
climate present in California (seasons generally repre-
sented by cool-wet vs. hot-dry conditions) combined with 
the variable diet of voles throughout the calendar year. An 
herbaceous diet is often preferred when available, with 
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seeds and woody plants consumed when herbaceous plants 
are unavailable (Witmer et al. 2009). Effective manage-
ment of these rodent species generally relies on an inte-
grated pest management (IPM) approach that uses multiple 
strategies (e.g., exclusion, rodenticides) to minimize these 
losses (Engeman and Witmer 2000; Witmer et al. 2009; 
Baldwin et al. 2014).
Rodenticides are the most commonly used tool for Cali-
fornia vole Microtus californicus control. They are consid-
ered the most effective strategy for managing voles (Baldwin 
et al. 2014), but applications of rodenticides are rarely allow-
able in citrus crops given the presence of fruit on the trees 
for almost the entire calendar year. Of the alternative man-
agement options, the use of tree guards around the trunks 
of newly planted trees is one of the more effective against 
voles (Davies and Pepper 1989; Zimmerling and Zimmerling 
1998; Merwin et al. 1999). However, the implementation of 
such tree guards is expensive, and they can damage seedlings 
(Pauls 1986; Davies and Pepper 1989; Marsh et al. 1990). 
This leaves many citrus growers, and other tree and vine 
crop growers, with few or no viable options for mitigating 
vole damage.
Chemical repellents are a tool that might be able to cir-
cumvent some of these problems. There is a wide array of 
secondary plant metabolites that act as anti-feedants to mam-
mals (reviewed by Hansen et al. 2016a). Although repellents 
have sometimes shown promise in lab studies (e.g., Salatti 
et al. 1995; Witmer et al. 2000; Curtis et al. 2002; Hansen 
et al. 2015, 2016b), repellents have often failed to prove 
highly effective in field trials (Merwin et al. 1999; Hansen 
et  al. 2016a). Specific reasons for failure are generally 
unknown, but are likely related to the availability of cover 
and food sources, and a need for frequent re-application of 
volatile compounds or washing away following rainfall and 
irrigation events (Merkens et al. 1991; Mason 1998; Conover 
2002; Hansen et al. 2016a). For a repellent to prove practi-
cal, it will need to overcome these limitations.
One repellent that has shown promise is anthraquinone. 
Anthraquinone is a naturally occurring compound that was 
first identified as a potential repellent in the 1940s (Heck-
manns and Meisenheimer 1944). It has generally been 
thought of as a bird repellent (e.g., Dolbeer et al. 1998; 
Werner et al. 2014b, 2015), but it has recently been shown 
to substantially reduce feeding activity in some rodent spe-
cies as well (Cowan et al. 2015; Hansen et al. 2015; Wer-
ner et al. 2016). Anthraquinone is a post-ingestive repellent 
that deters damage after initial consumption. As such, some 
limited damage is expected when using this class of repel-
lent, but this damage can be offset by substantial long-term 
efficacy. Recent laboratory investigations have shown high 
repellency for California voles when exposed to grain treated 
with concentrations of anthraquinone as low as 2% (84% 
repellency; Werner et al. 2016). However, a controlled field 
test was needed to verify the efficacy of this repellent in a 
more realistic setting.
Vegetation management has sometimes proven effective 
at mitigating vole damage to some tree and vine crops as 
well. Voles are highly reliant on tall and thick vegetation 
to conceal themselves from predators. The absence of such 
vegetation often leaves voles too susceptible to predation 
risk, thereby reducing the suitability of that site for voles 
(Witmer et al. 2009). Typical vegetation management prac-
tices often include mowing, herbicide application, or physi-
cal removal of vegetation for 0.6–1.2 m around the base of 
trees (Holm et al. 1959; Davies and Pepper 1989; Sullivan 
et al. 1998; Merwin et al. 1999). Combining vegetation 
removal efforts with an effective repellent would not only 
be highly compatible, but could yield greater efficacy than 
relying on either approach by itself (Merkens et al. 1991). As 
such, we established the following objectives to better define 
the utility of anthraquinone and vegetation management as 
potential tools for minimizing vole girdling damage in tree 
crops: (1) determine the impact of anthraquinone applica-
tions and vegetation management on girdling damage; (2) 
determine if this damage varied across spring (cool-wet) and 
summer (hot-dry) seasons; and (3) determine if the repel-
lency of anthraquinone diminished over time.
Methods
Mesocosm establishment
We utilized 20 3.3 m × 2.1 m fiberglass tubs that were 1.2 m 
deep as mesocosms for this study (located at the Kearney 
Agricultural Research and Extension Center [KARE] in Par-
lier, California, USA) to provide a controlled, yet realistic 
field assessment of repellent efficacy. All tubs were recessed 
in the soil, with approximately 10–15 cm of the tub extend-
ing above ground level. The mesocosms were filled to a 
depth of approximately 0.6 m with sand to serve as the sub-
strate for this project. We planted eight 1-year-old Clemen-
tine citrus trees Citrus clementine in each mesocosm follow-
ing a grid structure (see Fig. 1 for exact specifications). In 
one-half of each mesocosm, we planted a cover crop of timo-
thy grass Phleum pratense, buckwheat Fagopyrum esculen-
tum, cow pea Vigna unguiculata, and white clover Trifolium 
repens during summer 2016; the side receiving the cover 
crop was selected at random. We repeated this same process 
in spring 2017 except that the cover crop plants were bell 
beans Vicia faba, Magnus forage peas Pisum sativum var 
Magnus, Dundale peas Pisum sativum var Dundale, com-
mon vetch Vicia sativa, barley Hordeum vulgare, and oats 
Avena sativa. We selected cover crops based on their likely 
success of growth during study seasons (i.e., spring = cool-
wet vs. summer = hot-dry), along with their ability to 
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provide cover and food for voles. Ground cover estimates 
at the beginning of the summer and spring trials were 47 
and 55%, respectively. We installed microsprinkler irrigation 
systems into each mesocosm following planting. Irrigation 
water was applied daily to semi-daily depending on tree and 
cover crop needs. We allowed approximately 6 weeks for the 
trees and cover crops to establish before introducing voles. 
This ensured abundant food and cover resources for voles at 
the onset of the anthraquinone trial period. Weather was hot 
( ̄x high temp = 35 °C) and dry (3 mm precipitation) during 
summer (July–August), and cool ( ̄x high temp = 22 °C) with 
limited precipitation (59 mm) during spring (March–April).
Vole capture and monitoring
We used a combination of Sherman live traps (HB Sherman 
Traps, Inc., Tallahassee, Florida, USA) and a burrow exca-
vation strategy detailed in Baldwin et al. (2015) to capture 
live voles for this study. During summer 2016, we captured 
30 and 10 voles in artichoke fields and wooded hedgerows 
in Monterey and Yolo Counties, California, respectively. 
During spring 2017, 39 and one vole were captured in 
artichoke fields and a grape vineyard in Monterey and San 
Joaquin Counties, California, respectively. All crops were 
habitats where voles exhibit girdling or chewing behavior. 
Following capture, we treated voles with 0.25% Perme-
thrin (Hi-Yield Garden, Pet & Livestock Dust, Voluntary 
Purchasing Groups, Inc., Bonham, Texas, USA) to remove 
potential ectoparasites and transported them to KARE where 
they were weighed and sexed before release into randomly 
selected mesocosms. Two voles were released per meso-
cosm to simulate high density. Whenever possible, we ran-
domly paired a male and female vole for each mesocosm to 
account for potential differences in girdling activity between 
sexes and to limit antagonistic behaviors between males. We 
monitored for vole activity following release of voles into 
mesocosms using a combination of remote-triggered cam-
eras, presence of fresh fecal pellets, new girdling damage on 
trees, and gnawing on carrots that were used as an additional 
indicator of presence. This allowed us to verify the presence 
of voles in the mesocosms during each 1-week sampling 
period. Voles were recaptured at the end of the summer and 
spring sampling seasons and euthanized via carbon dioxide.
Anthraquinone application and tree monitoring
We completely coated the base of tree trunks with anth-
raquinone (Flight Control®, active ingredient: synthetic 
9,10-anthraquinone [50% by weight]; Arkion® Life Sci-
ences, New Castle, Delaware, USA) the morning prior to 
release of voles into ten randomly selected mesocosms; the 
remaining ten mesocosms were left untreated. Application 
occurred through the use of a hand-held sprayer or paint 
brush. Anthraquinone was applied to the bottom 15–20 cm 
of the tree trunks in summer 2016. However, voles regu-
larly girdled trees above this application line during sum-
mer (26 of 80 trees), so we applied anthraquinone to a 
height of 30 cm in spring 2017 to reduce potential girdling 
activity on untreated portions of anthraquinone-treated 
trees.
We monitored girdling damage from voles on a weekly 
basis starting 1 week after initial release during both summer 
and spring. Weekly monitoring always occurred at 7-day 
intervals throughout each study season. We recorded dam-
age for each tree through the use of 0.6 × 0.6 cm squares on 
wire mesh. Old damage was demarcated with a black marker 
to allow us to differentiate new damage each monitoring 
session. During these weekly monitoring periods, we manu-
ally removed all sprouting plants from the non-vegetated 
portions of each mesocosm to maintain the vegetation-free 
portion of each mesocosm.
Fig. 1  Plot layout for vole 
mesocosms. X’s indicate tree 
locations. Shaded areas repre-
sent the half of the mesocosm 
that was vegetated, while the 
unshaded portion represents the 
non-vegetated half. Vegetated 
portions were allocated at 
random
Veg No veg
0.45 m0.61 m 0.61 m 0.45 m 0.61 m 0.61 m
0.61 m
0.61 m
0.91 m
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Statistical analysis
For analysis, we first calculated the mean cumulative gir-
dling damage and associated standard errors for all trees 
in each mesocosm for each category (anthraquinone with 
vegetation, anthraquinone with no vegetation, no repel-
lent with vegetation, no repellent with no vegetation). We 
then used randomization tests (bootstrapping; Efron and 
Tibshirani 1993) using 20,000 bootstrap iterations of the 
difference in mean girdling activity between each cate-
gory to determine potential differences in girdling damage 
between combinations of trees treated with anthraquinone 
vs. untreated trees, and trees with surrounding vegetation 
vs. trees where vegetation was removed. The proportion of 
values in the resultant ranked frequency distribution below 
zero indicated the probability of a difference between the 
treatment categories. We used the Friedman test to deter-
mine potential differences in mean girdling damage (aver-
aged weekly) across time for both anthraquinone-treated 
and untreated trees (Conover 1999). Data were separated 
seasonally for analysis.
Results
We observed a 90–100% reduction in vole girdling dam-
age to anthraquinone-treated trees when compared with 
untreated trees across both seasons, regardless of the pres-
ence or absence of vegetation around the base of the trees 
(P < 0.001; Fig. 2). When combined with anthraquinone 
treatments, the absence of vegetation around the base of trees 
further reduced vole damage during summer (P = 0.059), 
with no girdling damage ever observed when anthraquinone 
was applied to trees planted in areas with no vegetation pre-
sent (Fig. 2). We did not observe a similar vegetative impact 
during summer for non-treated trees (P = 0.143). Likewise, 
we did not observe an impact of vegetative cover during 
spring for either control or anthraquinone-treated trees 
(P ≥ 0.558; Fig. 2), indicating that anthraquinone was the 
sole factor influencing girdling activity during this sampling 
period.
We observed a peak in girdling activity in control meso-
cosms on the fourth week during summer (Friedman test, 
χ2 = 13.5, P = 0.009), yet we observed no temporal pattern 
in girdling activity for anthraquinone-treated trees during 
the same season (Friedman test, χ2 = 4.4, P = 0.350; Fig. 3). 
We did not observe a temporal pattern in girdling activity for 
control or anthraquinone-treated trees during spring (Fried-
man test, χ2 ≤ 8.7, P ≥ 0.123; Fig. 3). Collectively, these find-
ings indicate that the anthraquinone treatments maintained 
repellency throughout the duration of our study seasons 
(summer = 5 weeks, spring = 6 weeks).
Discussion
Although agricultural producers require effective rodent 
repellents, most previous results from field-tested products 
have not been overly promising (Hansen et al. 2016a). Anth-
raquinone appears to be an exception, as it has generally 
tested well against voles in lab investigations (Hansen et al. 
2015; Werner et al. 2016; but Hansen et al. 2016b see for 
lack of efficacy with male common voles Microtus arvalis) 
and in our field-based trials. Anthraquinone is a post-inges-
tive repellent that requires some consumption before aver-
sive conditioning minimizes additional damage. This means 
that some damage can occur throughout the life of the repel-
lent as the animals learn to avoid it. This was most notice-
able in the spring sampling period when the greatest damage 
to treated trees occurred during the first week (Fig. 3). Even 
so, the amount of damage was minimal and likely had little 
long-term impact on the survival or productivity of the trees. 
The relatively high concentration of anthraquinone used on 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
Control-Veg Control-No Veg Anthra-Veg Anthra-No Veg
C
um
ul
at
iv
e 
gi
rd
lin
g 
(c
m
2 )
Summer 2016
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
Control-Veg Control-No Veg Anthra-Veg Anthra-No Veg
C
um
ul
at
iv
e 
gi
rd
lin
g 
(c
m
2 )
Spring 2017
Fig. 2  Mean cumulative girdling damage caused by California voles 
to citrus trees treated with anthraquinone (Anthra) and those trees 
left untreated (Control). Trees were planted in areas with (Veg) and 
without vegetation (No Veg) around their base. Data are provided for 
summer 2016 (sampling period = 5 weeks) and spring 2017 (sampling 
period = 6 weeks). Error bars represent standard errors
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our study trees likely minimized the amount of consump-
tion needed to induce post-ingestive consequences, thereby 
reducing observed damage as well.
We observed further evidence of the strong avoidance of 
anthraquinone during the summer sampling period as 33% 
of anthraquinone-treated trees were girdled above the appli-
cation line. California voles are not prolific climbers (Pugh 
et al. 2003). The fact that these voles climbed 15–20 cm to 
avoid treated portions of trunks clearly illustrated their abil-
ity to identify treated sites. Davies and Pepper (1989) and 
Witmer et al. (2000) observed a similar response to physi-
cal barriers that were 15 cm in height; prairie voles Micro-
tus ochrogaster and field voles Microtus agrestis regularly 
climbed over barriers of this height, but rarely overcame 
barriers of 25–30 cm in height. Likewise, we completely 
eliminated this climbing effect during spring by applying 
anthraquinone up to 30 cm above ground. It is strongly rec-
ommended that applicators consider application height to 
minimize damage from voles; more arboreal species may 
require greater coverage to eliminate damage.
We observed season-long efficacy of anthraquinone. The 
longer the duration of repellency, the more practical appli-
cations would be. Based on available data, we believe that 
anthraquinone would be effective for an extended period 
of time for voles, but this needs to be tested further as the 
longevity of this repellency will greatly influence the eco-
nomic viability of anthraquinone applications. Furthermore, 
the addition of other chemicals, colors, or ultraviolet cues 
to anthraquinone applications could also increase its repel-
lency, potentially allowing for the use of lower concentra-
tions of anthraquinone. This approach has shown promise 
for voles and various bird species and warrants further study 
(Clapperton et al. 2012; Werner et al. 2014a, 2016).
Season appears to have little impact on the efficacy of 
anthraquinone treatments, with very strong repellency 
observed during both summer and spring sampling periods. 
However, it bears noting that we were able to test for effi-
cacy for only 1 year for each season; additional testing may 
be needed to further verify seasonal differences on the effi-
cacy of anthraquinone and vegetation management on vole 
girdling damage. That said, Mediterranean climates, such 
as that observed throughout much of California, have very 
pronounced cool-wet, and hot-dry seasons. Hot-dry seasons 
are often reflective of more stressful environments for voles 
given hotter conditions and less abundant food; this often 
reduces the efficacy of repellents (Conover 2002). Such 
conditions existed during summer in our study, yet anth-
raquinone was highly effective at deterring girdling damage 
from voles. Furthermore, watering events can reduce the 
efficacy of repellents by washing away the repellent (Cono-
ver 2002). We observed no impact of irrigation during both 
study seasons as repellency remained high throughout the 
study. Thus, anthraquinone appears to have broad applicabil-
ity across a number of environmental conditions.
Although we did not observe a difference in efficacy of 
anthraquinone treatments across seasonal sampling periods, 
we did observe a potential impact of season on the efficacy 
of vegetation management as a vole control strategy. When 
combined with anthraquinone treatments, the removal of 
vegetation completely eliminated all girdling activity dur-
ing the summer sampling period. Previous investigations 
have shown that vegetation removal can reduce girdling 
damage by voles (Holm et al. 1959; Davies and Pepper 
1989; Sullivan et al. 1998; Merwin et al. 1999), but few 
have effectively incorporated both repellents and vegetation 
management to eliminate vole damage. Surprisingly, we did 
not see any impact of vegetation management during the 
spring sampling period. These variable results may in part 
be due to how voles perceive their landscape under differ-
ent environmental conditions. The summer season was very 
hot with little shade available in the non-vegetated portion 
of each mesocosm. In contrast, spring was much cooler ( ̄x 
high temp = 35 and 22 °C, respectively). Thus, a lack of 
shade may not have had as substantial an impact on forag-
ing activities during spring although this relationship needs 
to be explored further.
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Fig. 3  Temporal patterns in mean weekly girdling damage caused by 
California voles to citrus trees treated with anthraquinone and those 
trees left untreated (Control). Data illustrate potential changes in 
repellency over time, and are provided for summer 2016 and spring 
2017. Error bars represent standard errors
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Furthermore, we did not observe any impact of vegetation 
removal on girdling damage in mesocosms without anth-
raquinone applications (Fig. 2). In a similar study using 
mesocosms, Merkens et al. (1991) determined that predator 
odors had some repellency against Townsend’s voles Micro-
tus townsendii. However, they noted that a lack of cover was 
more important than predator odors at reducing vole activity 
in a given area; in the presence of cover, predator odors had 
little impact. The lack of impact that vegetative cover had 
in the absence of anthraquinone during our study may be 
due in part to our use of mesocosms for testing purposes. 
By enclosing voles in a defined area, they lacked options 
for expanding territories into alternative feeding areas. This 
may have “forced” voles into girdling actions where they 
may not have otherwise occurred. Collectively, this provides 
even stronger credence to the efficacy of anthraquinone as 
a repellent as we still observed little girdling activity even 
when alternative foraging areas were limited. Even so, when 
combined with applications of anthraquinone, vegetation 
removal may have some utility for minimizing vole girdling 
damage during summer. An assessment of the financial 
costs and benefits of vegetation management is warranted 
to determine if this nominal gain in efficacy is warranted for 
subsequent field applications.
Conclusions
Anthraquinone applications substantially reduced girdling 
damage, thereby performing the same function as tree 
guards, potentially at a reduced price, although assessments 
of cost effectiveness are still needed. Even so, the use of 
anthraquinone as a repellent should be just one part of an 
IPM approach for mitigating vole damage. Continual use 
of any tool, including repellents, may reduce the efficacy 
of these tools as the target species adapt (Conover 2002; 
Witmer et al. 2009). Combining anthraquinone with vegeta-
tion management is one IPM strategy that showed promise 
in reducing (and potentially eliminating) vole damage, at 
least during summer. That said, it is likely that when popu-
lation levels build up to high densities, repellents may lose 
efficacy. In such situations, rodenticides may be needed to 
knock down expanding populations (Witmer et al. 2009). 
Effective combination of these and other management tools 
will likely provide the most efficacious and cost effective 
approach for managing vole damage in orchards.
Although we have focused on citrus orchards in this 
study, comparable repellency is expected for many other 
tree and vine crops given the similar farming practices used 
in these crops. What is less clear is how other mammals will 
respond to anthraquinone applications. At a minimum, even 
if proven effective for other target species, anthraquinone 
will likely need to be applied throughout the entire area of 
the tree or vine that the animal is likely to girdle, which 
may make such treatments less practical for arboreal species. 
Further exploration into the efficacy of anthraquinone for 
various mammalian pest species is warranted to determine 
the full utility of this repellent.
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